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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTB NO, 935 S

DYNAMICS OF TEE INLET SYSTEM OF A FOUR-STROKE ENGINE

By R, E. Boden and Harry Schecter
"SUMMARY

Tests were run on a single~cylinder and a multicyl-
inder four~stroke engine in order to determine the effect
of the dynamics of the inlet system upon indicated mean
cffective pressure.

Tests on the single-cylinder engine wers made at
various speeds, inlet valve timings, and inlet pipe

lengths., Thesc tests indicated that the indicated mean
sffective pressure could be raised considerably at any ~

one speed by the use of a suitably long inlebt pipe.

Teste at other speeds with this length of pipe showed
higher indicated mean effectiveo pressure than with a very
short pipe, although not so high as could be ocbtained
with the pipe length adjusted for each speed. A gerneral
relation was discovered between optimum time of inlet
valve closing and pipe length; namely, that longer pipes
require later inlet wvalvse closing in order to be fully
cffective. .

Tests worc also made on three cylinders connected to
o single pipe., With this arrangement, increased volumet-
ric efficiency at low speed was obtainable by using a
long pipe, but only with a sacrifice of volumebric effi-
clency at high speed, Volumetric efficicncy at high

spoed was progressively lower as the pipe length was in— .

creasged,

INTRODUCTION

It has long been recognized that the volumetric ef-
ficiency and hence the meoan effective pressure of an in-
ternal combustion engine is affected by tho dynamicecs of
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the inlet systen, (See references 1 to 19,) The present
work was undertaken in order to make s more systematic
and extensive investigation then had been made before,
and to attempt %o devise a mathematical analysls which
would lead to = better understanding of the observed phe-
nomenae.

The work wes done under the auspices of the National
Advigory Committee for Aeronautics, The experimental
work was done in the Sloan Automotive Iaboratory at ths
Hagsachusetts Institute of Technology under the supervi-
gsion of Professor E, S. Taylor, A thesoretical anslysis of
this problem may be found in Item 4 of the Bibliography.

APPARATUS AND METHOD

Single~Cylinder Engine

The first part of the experimental work was done on
an NACA universal test engine (bore 5 in., stroke 7 in.)
equipped for variable valve timing (reference 20), Var-
iables were controlled as followst

Foel . . . . . e+ + « y 87=00ctane aviation gasoline
Compression ratio (all runs) . . . « . . .+« 5.0
Cooling water temperature (all runs) v e s 1?5° to 185° F
Tuel~air ratio (each run). e » ¢+ s« + o« 88t for best power
Spark timing {(each speed), « . . . . .set for best power
Speed . . . v varlable, 1000 to 1600 rpm
Inlet pipe length. Variable, by increments 9 to 247 inches
Inlet pipe diameter v +« 2,56 or 1,88 1lnches

LI U 2 D T S T _ _
Inlet Valve lift . . ¢« = @ . . . F 9 [ ¢ 9 e o 312 inch .
Bxhaust valve Lift ¢ ¢ o 4 ¢ o o ¢ ¢ o s s o o 0,275 inch" T
Exhaust opening (25° BiB.0,) « 4 » » « + » ¢ o « « o« 18859
Exhaust clOsing (250 A‘T. c-) s PO . . * . - P . Y 250 _

(Crenk angles are measured from top dead center un-
less otherwige indicated,)

In order that the air flow should not he disturbed N
by the restrictlion of a carburetor venturi, fuel was in-
Jeoted direttly into the cylinder for all tests,.

Photographs of the general setup are given in figure
1, and a diagrammatic sketch in figure 2, (Further ex~
Perimental details will be found in reference 18.
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-

One series of runs was made with a coastant fgtandard®
inlet valve timing as follows:

Inle‘b OPGning (250 B.Tgc.) » . [ F 3 L) L3 L] . L) L4 L4 L) ‘,'3350
Inlet olosing (35° A BuCu) v v ¢ + « « « + o « o » o 208°

4 further seriss wes . mede at constant speed (1600
rpm) and variable inlet timing as Ffollows:

Inlet opening (45° to 15° B.T.0.,) + « « « « B315°% to 345°
Inlet closing (159 to 45° A B.C.) . . . . . 195° to 225°

Measurements of torque were made for each run, Frie-
tion was estimated by the usual method, "motoring'" at
several speeds, From the torque resulting from the addi-
tion of the measured torque to the motoring torqus for
the same speed, the indicated mean effective pressure
(imep) was computed and plotted in figures 3 %o 5,

In addition to the foregoing measurements, records
were talken of the pressure at the valve end of the inlet
ripe for all tests, In later tests where the valve timing
was varied, records algo were taken of pressure in the
eylinder, These measurements were made by means of the
K.I.T. indicator (reference 21}, Bample diagrams are re-
produced in figure 6, )

Figure 7 shows a comparison of two curves of indlcated
mean offective pressure against pipe length, from twd sets
of data taken at an interval of about five months, Dif-
ferent cylinder heads of the same design were used, The
data for the curve marked YHead 1" was taken in one con-
tinuwous run; while each observation for the curve marked
"Head 2" was taken on a different day,

RESULTS

Single-0ylinder Engine

Yolumetric efficisney.~ Volumetric efficiency may be
defined by the expression

W=2YVyp, B (1)

where
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W mass of air taken in per unit time

s nunher of suetion strokes per unit time
Vd piston displacement of one cylinder

Py 8average inlet air density

pis volumetric efflciency

Volumetric efficiency could be computed from a measg=
urement of air guantity in addition o the ordinary meas~
urements of speed, inlet pressure, and temperature; dut
in this work it was desirable to aveid the measurement of
alr, because the presence of meters or orifices would dls-
turbd the dynamics of the inlet systems, On account of thils
difficulty, and since only relative valuwes were required,
1t was decided to estimate the quantity of air from the

»ower measurement., The indicated horsepower=_778(w7 (#) {n)
550 % 60 x 80

where W is the mass of air consumed per hour, H is the
heating valve of unit mags of air, and Mm is the indicated
thermal efficiency based on air; H and 1N arse substan-
tially constent since spark and fuel rate were adjusted for
best power, Under these conditions ¥ 4is proportional to
indicated horsepower, ¥rom this relation it follows that
volumetric efficiency ig proportional 40 indicated msan
BTessure,

Bffect of pipe length,~ Varying the length of the inw
let pipe at constant speed results in curves of indicated
mean effective pressure against pipe length, as shown in
figures 3, 4, and 5, BEssential characteristics of thess
eurves ares '

1, A gradually rising mean effcetive pressure as pipe
length 18 increasged from as short as possible
¢ a length which gives a fregquency ratio¥ of
glightly more than §

*The "frequency ratio® herd introduced is defincd as
the ratio of inlet pipe frequenscy to valve frequency {(in~
let pipe froquency being the fundamental frequency of the
air column in the inlet pipe whon the valve ig closed and
valve frequency being half the engine erankshaft frequen=
ey). Thus this frequency ratio is inversely proportional
to the produst of intake pipe length and engine speed,
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2, At least three distinct peaks, at frequency raties
of slightly more than 5, 4,

3. A decrease in mean effective presgsure for lengihs
longer than that giving a2 frequency ratio of 3

Pigure 8 is a set of records of pressure in the pipe
{near the inlet valve) and in the cylinder, at 1600 rpm,
Pipe length is the single independent variable,

Eggsentigl charagteristics of the ﬁressure in the
pipe ared :

l. Gradually increasing amplitude of the pressure
waves as pipe length is increased

2, Occurrence of a pressure Yeak near the time of
inlet olosing, arriving later ag the length
of pipe is increased

The cylinder pressure reoords of figure 8 show an
interesgting pressure minimum during the suction stroke,
which moves to the right (i,e,, comes later in the stroke)
as pipe length is inoreased, until the number of presgure
waves per engine c¢ycle ¢hanges, When this occurs, the
proint of minimum preéessure returns to approximately its
0riginal cerank angle and again starts moving to the right
as the pipe length ig increased.

Figure 9 is a set of pressure records taken from the
inlet pipe at 123230 rpm,

Effect of speed.~- Figures 10 and 11 show the pressure
in the piype for various engine speeds, Similariiy between
these records and those of figures 8 and 9 is evident,
When speod and pipe length are varied togeother go as to
give a constant freguency ratio, the result is a set of
very similaq curveos with amplitude increasing approximately
in proportlon to the speed, UTFigure 12 is such a sst of
curves, Thies suggests a plot of indicated mean effective
Proesgure agaeinst frequency ratio for various valunes of
spoed as shown in figure 13, The first peak of indicated
mean effective pressure, which ocecurs at a fregquency ratio
of approximately 3, decreases notably as spoed incroases;
while the peak at 5 showe g much smaller wvariation, not
consistently in either directlon, :

Effect of valve timing.~ The effect of the time of T
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inlet=closing on indicated mean effsctive pressure is 1l~

lugtrated in figures 4 and 5 which show indicated mean ef-

fective pressure against pipe length for various valve
timings, I% will Bes noted that late inlet~closing im-
proves the performance with long pipe lengthsi while

early closing is betier for shorter pipe lengths, Thils

1s the result of later arrival of the pressure wave after
bottom center which was noted in figure 8, Tigure 14 is
e series of records taken with inlet closing for best
power in each case, Note that the closing of the inletd
valve is slightly ahead of the pressure peak in all cases
except with the shortest three pipes where the pressure
peak is very clese %o bottom center, This is due te the
effect of pilston motion, If & serles of ¢ompressgion
curves is plotted, starting with various inlet pressures
at bottom center and these curves are superimposed upon
the pressure wave in tho pipe, 2 point of tangency is ob-
tained bhetween one ¢f the compression purves and the pres-
sure in the inlet pipe., Provided the inertia of the air
in the valve is negligibles, this will be the peint at
which the valve must be c¢losed in order to entrap a maxi-
nun quantity of air, Such compression curves have besn
drawn in figure 14, The actual valve closing is somewhat
later than the points-of tangency because the valve re-
guires & finlte time to close and is effectively closed
somewhat egrlier. The difference between actual closing
and effective closing appeers to be about 10° at 1600 rpm,
This quantity would be expected to increase with speed,

A direct comparison of the pressures in the cylinder and
the pipe for different valve timings appears in figure 165,
The curves marked A" {figz, 15) indicate that a differencs
In timing may alter ¢onsiderably the pressure in the pips,
In this case reverss flow induced by the piston motion
apparently reinforces the pressure waves,

Effect of inlet pipe diameter.~ Pigurs 16 1is a plot
of indicated mean effective presgsure against inlet pipe
length for a pipe approximately half the area of the pipe
used in the other tests., The suppression of the peaks of
t?e curve 1le notable in the case of the 'small diamebter '
Pipe,

Figure 17 shows the pressure waves in the small di-
ameter plipe, for various lengths, On comparing these
with figure 8, it is noted that the amplitude is greater
iln the case of the small pipe and that the pressure wave
arrives later after bottom center, which jndicates that
a later timing might be expected to give higher indicated
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mean effective pressure with the small pipe, TFigure 18 ise
a direct comparison of the pressure in the pipe and the
cylinder for a small and a large pipe of the same length,
The points noted here are evident in this figure,

APPARATUS AND HETHOD

Multicylinder Engine

Additional experimental work was carried out to de-
termine the effect of having several cylinders connected
to the same inlet pipe, The engine used for these jests
was a six-¢ylinder Ghrysler automobile engine, ZEngine
data follows:

e s » s . (121332
. . 3% inches

Serial No. « o s e & .
;'. « » 4% inches

Bore 4 v % ¢ ¢ s e
Stroke . .
Displaoement (total)
Valve timing:

Exhsgust opens, 40° B,3.0.

. o - »
* ¥ ¢ »
e + a2
”~ o ¢ =
L N A
- a v @
.« o e 8

L]
»
[ ]
?

. L] L] L] L3 . L L] L L] L[] L ] » L]
EXha‘u.s'b cloges * % T s s % e & e & 3y 9w 3 40 AQT-GO
Inlet ODBNE « o s « o s o o o o o o « & o 79 B.T.C.
Inlet closes . .+ 4 e s 2 & ¢ 4 s 5 5 s 550 A-IBQCQ

The cylinders of this engine were manifolded together in
two groups of three within the e¢ylinder-block casting as
shown in figure 19, One group of three cylinders was
separated from the other and was provided with separate
inlet and exhaust connections, This group was used merely
as an alr pump, the remaining group of three cylinders
being used to supply power to operate the air pump (fig,
20). . Thus the three cylinders under investigation wers
motored without firing, They were arranged so that var-
ioue lengths of inlet pipe could be attached to the inlet
opening common to the three cylinders, The alr exhausted
by the three cylinders was led %0 a receiver, and the flow
{volume per unit time) was measured by an NACA Roots type
supercharger., This flow, corrected for temperaturs, was
used %0 calculate the volumetric efficiency. (Correction
for pressure was found unnecessary.) This method of test
was Jjustified by Mueller (reference 14), who showed that
the curve of volumetric effioieney against. pipe length,
obtained by this method on a single-cylinder sngzine, was
similar to the curve of indicated mean effective pressure
against pipe length when the engine was firing. The

220 cubic inches
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comparison of these curves taken from reference 14 is re-
produced in figure 231. Indicator diagrams were made of

the pressure in one of the three motoring cylinders, and

in the inlet pipe, &8s near as possible to the engine,

RESULLS

Hulticylin&er Ingine

Curves of volumetric efficlency against speed for
various pipe lengths, and Of volumetric efficiency against
Pipe length™ for various speeds are reproduced in figures
22 and 23, It is instructive to note that, while volumet-
ric efficiency at low speed may be improved by the uss of
a long pipe, the improvement is at the expense of volumet-
ric efficiency at high speed, Volumetric efficiency at

high speed was not improved by additional inlet pipe
length. '

A study of the pipe pressure dlagrams (fig., 24) re-

veals the interesting fast that 2ll show the same fre-
quency, the frequency of the suction strokes.

Figure 25 showing pressures in a 72-inch pipe for
varlious speeds indicates phase shift as expected from
theoretical considerations, The last diagram of this fig-
ure shows the higher moders of vibration of the air column
in the pipre being excited, as would be expected.

CONCLUSIOKNS

On the basgis of the foregoing experimental invesbti-
gation, the following conclusions may be drawnt

1, The pressure waves in the inlet pipe are of suf-
ficlent amplitude to affect the charging process (and
hence the mep) considerably.

2. For a single-cylinder engine running at a glven
speed, there are three distinct optimum lengths of inlet
pipe, with which the mean effective pressure is of the

*"'Pipe length® for the multicylinder engine is meas~—
ured from the flange on the eylinder Block,



HACA TN ¥o, 935 9

order of 156 to 20 percent higher than it is when no inlet
pipe 1s used. These optimum pipe lengths are slightly
less than 30 ¢/Ngq where ¢ 1is the velocity of sound in
feet per second, N 1g the engine speed in revolutions
per minute, and ¢q is 3, 4, or &5, ’

3, For a single~ocylinder engine, a fixed pipe length
gslightly less than 6 ¢/¥p (where ¥Np is the highest
operating speed) gives a higher mean effective pressure
than no inlet pipe, for all operating speeds, although L
not as high as can be obtained with pipe length adjusted o
for each speed. ' N

4, For a given engine speed and inlet plpe length,
full advantage of the pressure waves in the pipe can be o
cbtained only.by sultable inlet valve timing, especially _
by proper choice of the time of inlet cldsing; longer o
Pipes requiring later closing, : -

Bs When three eylinders are connected to a single R o
Pipe, the best volumetric efficlency at high speed is ob-
tained with the minimum length of pipe,

Massachusetts Institute of Technology, : Cae
Cambridgs, Massy, January 1938, .
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Figure 1. Experimenté,l setup.
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NACA TN _ No. 935 , Fig. 22
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